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(57) Abstract: A color Liquid Crystal display (LCD) device for displaying a color image using at least four different primary colors, 
the device including an array of Liquid Crystal (LC) elements, driving circuitry adapted to receive an input corresponding to the color 
image and to selectively activate the LC elements of the LC array to produce an attenuation pattern corresponding to a gray-level 
repH-esentation of the color image, and an array of color sub -pixel filter elements juxtaposed and in registry with the array of LC 
elements such that each color sub-pixel filter element is in registry with one of the LC elements, wherein the array of color sub-pixel 
filter elements comprises at least four types of color sub-pixel filter elements, which transmit light of the at least four primary colors, 
respectively. 
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DEVICE. SYSTEM AND METHOD FOR COLOR DISPLAY 



Field Of The Invention 

The invention relates generally to color display devices, systems and methods 
5 and, more particularly, to display devices, systems and methods having improved color 
image reproduction capability. 

Backgroxmd Of The Invention 

Standard computer monitors and TV displays are typically based on reproduction 

10 of three, additive, primary colors ("primaries")^ for example, red, green, and blue, 
collectively referred to as RGB. Unfortunately, these monitors cannot display many 
colors perceived by humans, since they are limited in the range of color they are capable 
of displaying. Fig. lA schematically illustrates a chromaticity diagram as is known m 
the art. The closed area in the shape of a horseshoe represents the chromaticity range of 

15 colors that can be seen by humans. However, chromaticity alone does not fully represent 
all visible color variations. For example, each cliromaticity value on the 
two-dimensional cliromaticit}^ plane of Fig. lA may be reproduced at various different 
brightness levels. Thus, a full representation of the visible color space requires a three 
dunensional space including, for example, two coordinates representing cliromaticity 

20 and a third coordinate representing brightness. Other three dimensional space 
representations may also be defined. The points at the border of tlie horseshoe diagram 
in Fig. lA, commonly referred to as "spectrum locus", correspond to monochromatic 
excitations at wavelengths ranging, for example, from 400 run to 780 run. The straight 
Ime "closhig" tiiie bottom of the horseshoe, between the extreme monochromatic 

25 excitation at the longest and shortest wavelengths, is commonly referred to as "the 
puiple line". The range of colors discernible by the human eye, represented by the area 
of the horseshoe diagram above the purple line, at varying brightness levels, is 
commonly referred to as the color gamut of the eye. The dotted triangular area of Fig. 
1 A represents the range of colors that are reproducible by a standard RGB monitor. 

30 There are many laiown types of RGB monitors, using various display 

technologies, including but not Ihnited to CRT, LED, plasma, projection displays, LCD 
devices and others. Over the past few years, the use of color LCD devices has been 

1 
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increasing steadily. A typical color LCD device is schematically illustrated in Fig. 2A, 
Such a device includes a light source 202, an array of liquid crystal (LC) elements (cells) 
204, for example, an LC array using Thin Film Transistor (TFT) active-matrix 
teclinology, as is known in the art. The device further includes electronic circuits 210 for 
5 driving the LC array cells, e.g., by active-matrix addressing, as is known in the art, and a 
tri-color filter array, e.g., a RGB filter array 206, juxtaposed the LC array. In existing 
LCD devices, each full-color pixel of liie displayed image is reproduced by three 
sub-pixels, each sub-pixel corresponding to a different primary color, e.g., each pixel is 
reproduced by driving a respective set of R, G and B sub-pixels. For each sub-pixel 

10 there is a corresponding cell in the LC array. Back-illumination source 202 provides the 
light needed to produce the color images. The transmittance of each of the sub-pixels is 
controlled by the voltage applied to the corresponding LC cell, based on the RGB data 
input for the corresponding pixel. A controller 208 receives the input RGB data, scales it 
to the required size and resolution, and adjusts the magnitude of the signal delivered to 

15 the different drivers based on the input data for each pixel The intensity of white light 
provided by the back-illiomination source is spatially modulated by the LC array, 
selectively attenuating the light for each sub pixel according to the desired intensity of 
the sub-pixel. The selectively attenuated Ught passes through the RGB color filter array, 
wherein each LC cell is in registry with a corresponding color sub-pbcel, producing the 

20 desired color sub-pixel combinations. The human vision system spatially integrates the 
light filtered through the different color sub-pixels to perceive a color image. 

US Patent 4,800,375 ("the '375 patent"), the disclosure of which is incorporated 
herein by reference in its entirety, describes an LCD device including an array of LC 
elements juxtaposed in registry with an array of color filters. The filter array includes the 

25 three primary color sub-pixel filters, e.g., RGB color filters, which are interlaced with a 
fourth type of color filter to form predetermined repetitive sequences. The various 
repetitive pixel arrangements described by the '375 patent, e.g., repetitive 16-pixel 
sequences, are intended to simplify pixel aaangement and to improve the ability of the 
display device to reproduce certain image patterns, e.g., more symmetrical line pattems. 

30 Other than controllmg the geometric arrangement of pixels, the '375 patent does not 
describe or suggest any visual interaction between the three primary colors and the 
fourth color in the repetitive sequences. 
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LCDs are used in various applications. LCDs are particularly common in 
portable devices, for example, the small size displays of PDA devices, game consoles 
and mobile telephones, and the niedimn size displays of laptop ("notebook") computers. 
These applications require thin and miniaturized designs and low power consumption. 
5 However, LCD teclmology is also used in non-portable devices, generally requiring 
larger display sizes, for example, desktop computer displays and TV sets. Different 
LCD applications may require different LCD designs to achieve optimal results. The 
more "traditional" markets for LCD devices, e.g., the markets of battery-operated 
devices (e.g., PDA, cellular phones and laptop computers) require LCDs with high 

10 brightness efficiency, which leads to reduced power consumption. In desktop computer 
displays, high resolution, image quality and color richness are the primary 
considerations, and low power consimiption is only a secondary consideration. Laptop 
computer displays require both high resolution and low power consumption; however, 
picture quality and color richness are compromised in many such devices. In TV display 

15 applications, picture quality and color richness are generally the most important 
considerations; power consumption and high resolution are secondary considerations in 
such devices. 

Typically, the light source providing back-illumination to LCD devices is a Cold 
Cathode Fluorescent Light (CCFL). Fig. 3 schematically illustrates typical spectra of a 

20 CCFL, as is known in the art. As illustrated in Fig. 3, the light source spectra include 
three, relatively narrow, dominant wavelength ranges, corresponding to red, green and 
blue light, respectively. Other suitable light sources, as are known in the art, may 
alternatively be used. The RGB filters in the filter sub-pixel array are typically designed 
to reproduce a sufficiently wide color gamut (e.g., as close as possible to the color gamut 

25 of a corresponding CRT monitor), but also to maximize the display efficiency, e.g., by 
selecting filters whose transmission curves generally overlap the CCFL spectra peaks in 
Fig. 3. In general, for a given source brightness, filters with narrower transmission 
spectra provide a wider color gamut but a reduced display brightness, and vice versa. For 
example, in applications where power efficiency is a critical consideration, color gamut 

30 width may often be sacrificed. In certain TV applications, brightness is an important 
consideration; however, dull colors are not acceptable. 
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Fig. 4A schematically illustrates tj^ical RGB filter spectra of existing laptop 
computer displays. Fig. 4B schematically illustrates a chromaticity diagram representing 
the reproducible color gamut of the typical laptop spectra (dashed-triangular area in Fig. 
4B), as compared with an ideal NTSC color gamut (dotted triangular area in Fig. 4B). As 
5 shown in Fig. 46, the NTSC color gamut is significantly wider than the color gamut of 
the typical laptop computer display and therefore, many color combinations included in 
the NTSC gamut are not reproducible by the typical color laptop computer display. 

Summary Of The Invention 

10 Many colors seen by humans axe not discernible on standard red-green-blue 

(RGB) monitors. By using a display device with more than three primary colors, the 
reproducible color gamut of the display is expanded. Additionally or altematively, the 
brightness level produced by the display may be significantly increased. Embodiments 
of the present invention provide systems and methods of displaying color images on a 

15 display device, for example, a thin profile display device, such as a liquid crystal display 
(LCD) device, using more than three primary colors. 

An aspect of the invention provides improved multi-primary display devices 
using more than three sub-pixels of different colors to create each pixel. In embodiments 
of this aspect of the invention, the use of four to six (or more) different color sub-pixels, 

20 per pixel, allows for a wider color gamut and higher luminous efficiency. In some 
embodiments, the number of sub-pixels per pixel and the color spectra of the different 
sub-pixels may be optimized to obtain a desired combination of a sufficiently wide color 
gamut, sufficiently high brightness, and sufficiently high contrast. 

. In some embodiments of the invention, the use of more than three primary colors 

25 may expand the reproducible color gamut of the display by enabling the use of relatively 
narrow wavelength ranges for some of the primary colors, e.g., red, green and blue, thus 
increasing the saturation of those primary colors. To compensate for a potentially 
reduced brightness level from such narrower ranges, in some embodiments of the 
invention, broad wavelength range primary colors, e.g., specifically designed yellow 

30 and/or cyan, may be used in addition to the narrow wavelength range colors, thus 
increasing the overall brightness of the display. In further embodiments of the invention, 
additional primary colors (e.g., magenta) and/or different primary color spectra may be 
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used to improve various other aspects of the displayed image. In accordaQce with 
embodiments of the invention, an optimal combination of color gamut width and 
over-all display brightness can be achieved^ to meet the requirements of a given system, 
by designing specific primary colors and sub-pixel arrangements. 
5 The color gamut and other attributes of a more-than-three primary color LCD 

device in accordance with embodiments of the invention may be controlled by 
controlling the spectral transmission characteristics of the different primary color 
sub-pixel filter elements used by the device. According to an aspect the inventioiL, four 
or more different primary color sub-pixel filters axe used, to produce four or more, 
10 respective, primary colors, for example, RGB and yellow (Y). In further embodiments of 
the invention, at least five different primary color sub-pixel filters are used, for example, 
RGB, Y and cyan (C) filters. In additional embodiments of the invention, at least six 
different primary color sub-pixel filters are used, for example, RGB, Y, C and magenta 
(M) filters. 

15 • The primary color sub-pixel filters for a more-than-three primary color LCD 

device in accordance with the invention may be selected in accordance with various 
criteria, for example, to establish sufficient coverage of a desired color gamut, to 
maximize the brightness level that can be produced by the display, and/or to adjust the 
relative intensities of the primary colors according to a desired chromaticity standard. 

20 Further embodiments of the invention provide sequential color display devices, 

systems and methods, for example, sequential color LCD devices, using more than three 
primary colors. In such devices, color images are produced by sequentially 
back-illuminating an array of Liquid Crystal (LC) cells with light of four or more, 
pre-selcGted, primsny colors, producing a periodic sequence of four or more, respective, 

25 primary color images, which are temporally integrated into a full color image by a 
viewer's vision system. In some embodiments, sequential back-illumination with four 
or more primary colors is produced by sequentially filtering light through four or more, 
respective, color filters. In other embodiments, a multi-color light source, for example, a 
plurality of light emitting diodes (LEDs) capable of separately producing any of the four 

30 or more primary colors, is activated to sequentially produce the different primary color 
back-ill-umination. 
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In accordance with embodiments of an aspect of the invention, there is thus 
provided a color Liquid Crystal Display (LCD) device for displaying a color image 
using at least four different primary colors, the device including an arra}^ of Liquid 
Crystal (LC) elements, driving circuitry adapted to receive an input corresponding to the 
5 color image and to selectively activate the LC elements of the LC array to produce an 
attenuation pattern corresponding to a gray-level representation of the color image, and 
an array of color sub-pixel filter elements juxtaposed and in registry with the array of LC 
elements such that each color sub-pixel filter element is in registry with one of the LC 
elements^ wherein the array of color sub-pixel filter elements mcludes at least four types 
10 of color sub-pixel filter elements, which transmit light of the at least four primary colors, 
respectively. 

In accordance with embodiments of another aspect of the invention, there is 
provided a color Liquid Crystal Display (LCD) device for displaying a temporally- 
integrated color image including a sequence of at least four primary color images, tlae 

15 device including an array of Liquid Crystal (LC) elements, driving circuitry adapted to 
receive an input corresponding to each of the at least four primary color images and to 
selectively activate the LC elements of the LC array to produce an attenuation pattern 
corresponding to a gray-level representation of each of the at least four primary color 
images, respectively, and an illxmiination system adapted to sequentially back-illuminate 

20 the LC array with light of at least four different primary colors to sequentially produce 
the at least four, respective, primary color images, wherein the driving circuitry and the 
illumination system are synchronized such that each the attenuation pattern is 
illuminated with light of the primary color corresponding to the respective primary color 
image. 

25 In some embodiments of this aspect of the invention, the illumination system 

includes a light soirrce having an output path, a filter switching mechanism which 
sequentially interposes at least four different primary color filters in the output path of 
the light somxe to produce the light of at least four different primary colors, respectively, 
and an optical arrangement which guides the light of at least four different primary 

30 colors from the filter switcliing mechanism to the LC array thereby to back-illuminate 
the LC array. In other embodiments of this aspect of the invention, the illumination 
system includes an array of Light Emitting Diodes (LEDs), illimiination control circuitry 
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adapted to selectively activate the plurality of LEDs to produce a sequence of at least 
four illumination patterns corresponding to the light of at least four different primary 
colors, respectivel}^, and aii optical arrangement which causes the at least four 
illumination patterns produced by the array of LEDs to back-illuminate the LC array 
5 with a generally spatially homogeneous light of the at least four, respective, primary 
colors. 

In accordance with embodiments of a further aspect of the invention, there is 
provided a color display device for displaying an n-primary image, wherein n is greater 
than three, having an array of color sub-pixel elements including sub-pixel elements of 

10 each of at least four different primary colors arranged in an array of periodically 
repetitive super-pixel structures covering substantially the entire n-primary image, each 
super-pixel stmcture including a predeteraiined, fixed, number of n-primary pixels, each 
n-primary pixel including one color sub-pixel element of each of the at least four 
different primary colors, wherein no fixed combination of n-prunarj^ pixels covering 

1 5 only part of the super-pixel structure can be periodically repeated to cover substantially 
the entire n-primary unage. 

In some embodiments of this aspect of the mvention, the at least four primary 
colors include at least five primary colors, and the super pixel structure includes a 
substantially rectangular arrangement including five sequences of four sub-pixel 

20 elements, each sequence including a different combination of sub-pixel elements of four 
of the five primary colors. In other embodiments of this aspect of the invention, the at 
least four primary colors include at least six primary colors, and the super pixel structure 
includes a substantially rectangular arrangement including three sequences of four 
sub-pixel elements, each sequence including a different combination of sub-pixel 

25 elements of four of the six primary colors. 

In accordance with embodiments of an additional aspect of the invention, there is 
provided a method of displaying an n-primary color image, wherein n is greater than 
three, on an n-primary color display having an array of color sub-pixel elements 
mcluding sub-pixel elements of each of at least four different primary colors arranged in 

30 an array of periodically repetitive super-pixel structures covering substantially the entire 
n-primary image, each super-pixel structure including a predetermined, fixed, number of 
n-primary pixels, each n-primary pixel including one color sub-pixel element of each of 
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the at least four different primary colors, wherein no fixed combination of n-primary 
pixels covering only part of the super-pixel structure can be periodically repeated to 
cover substantially the entire n-primary image^, the method including receiving an input 
representing tliree-component color image data, e.g., RGB or YCC data, including a 
5 plurality of three-component pixels and having a first resolution, scaling the 
three-component color image data to produce scaled three-component color image data 
having a second resolution different from the first resolution, converting the scaled 
three-component color unage data mto corresponding n-primary color pixel data 
representing the n-primary color image, and generating an n-primary input signal 

1 0 corresponding to the n-primary color pixel data. 

In some embodiments of this aspect of the invention, the method includes, before 
generating the n-primary input signal, collecting the n-primary color pixel data of all 
n-primary pixels of each super-pixel, atid distributing the collected data representing 
each super-pixel structure into a plurality of sub-pixel data segments, each segment 

15 representing one sub-pixel of each the super-pixel, wherein generating the n-primary 
input signal includes generating a gray-level value for each of the sub-pixels. 

In accordance with embodiments of yet another aspect of the invention, there is 
provided a method of displaying an n-primary image, wherein n is greater than or equal 
to six, on an n-primary display having an array of color sub-pixel elements including 

20 color sub-pixel elements of each of at least six different primary colors, including at 
least a first set of primary colors and a second set of primary colors, arranged in a 
periodically repeating arrangement including at least one color sub-pixel element of each 
of the at least six different primary colors, the method including receiving an image 
input representing image data including a plurality of pixels, each pixel including one 

25 sub-pixel of each of the first set of primary colors, separating the image data into a first 
image component, including a first group of the pixels, and a second image component, 
including a second group of the pixels, wherein each pixel in the first group is 
substantially adjacent to a respective pixel in the second group, converting the pixels in 
the second group into corresponding, converted pixels, each pixel including one 

30 sub-pixel of each of the second set of primary colors, and generating an n-primary input 
signal representing data corresponding to each of the converted color pixels in the 
second group and the respective, substantially adjacent, pixel in the first group. 
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In some embodiments of this aspect of the invention, the method includes, before 
generating the n-primary input signal, combining each of the converted pixels m the 
second group with the respective, substantially adjacent, pixel of the first group, to 
produce a corresponding n-primary pixel including one sub-pixel of each of the at least 
5 six primary colors, wherein generating the n-primary input signal includes generating a 
signal representing data coiTesponding to each the n-primary pixel. 

Further, m some embodiments of this aspect of the invention, the image input 
includes a color image input representing three-component color hnage data, e.g., RGB 
or YCC data, wherein the at least first and second sets of primary colors mclude first and 

1 0 second sets of three primary colors, and wherein each color pixel of the n-primary image 
is reproduced by either the first or second set of three primary colors. In other 
embodiments of this aspect of the invention, the image input includes a black-and-white 
image input representing black-and-white image data includuig a plurality of 
black-and-wlnte pixels. The at least first and second sets of primary colors may include 

15 first and second sets of three, complementary, primary colors, and each black-and-white 
pixel of the n-primary image may be produced by either the first or second set of 
primary colors. Alternatively, the at least first and second sets of primary colors include 
first, second and third pairs of complementary primary colors, and each black-and-white 
pixel of the n-primary image is produced by one of the first, second and third pairs of 

20 primary colors. 

In accordance with embodiments of a still fiirther aspect of the invention, there is 
provided a color display device for displaying an n-primary image, wherein n is greater 
than or equal to six, having an array of color sub-pixel elements including color 
sub-pixel; elements of each of at least six different primary colors, including at least a 

25 first set of primary colors and a second set of primary colors, arranged in a periodically 
repeating arrangement including at least one color sub-pixel element of each of the at 
least six different primary colors, wherein each sub-pixel in the periodically repeating 
arrangement is adjacent at least one sub-pixel of a complementary primary color. 

In some embodiments of this aspect of the invention, the periodically repeating 

30 arrangement includes a first sequence of sub-pixel elements of each of the first set of 
primary colors and a second sequence of sub-pixel elements of each of the second set of 
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primary colors, wherein each sub-pixel element in the first sequence is adjacent a 
sub-pixel element of a complementary primary color in the second sequence. 

In accordance with embodiments of yet an additional aspect of the invention, 
there is provided a system for displaying an n-primary color image, wherein n is greater 
5 than three, including an n-primary color display device having an array of color 
sub-pixel elements including sub-pixel elements of each of at least four different primary 
colors arranged in an array of periodically repetitive super-pixel structures covering 
substantially the entire n-primary image, each super-pixel structure including a 
predetermined, fixed, number of n-primary pixels, each n-primary pixel including one 

10 color sub-pixel element of each of the at least four different primary colors, wherein no 
fixed combination of n-primary pixels covering only part of the super-pixel structure can 
be periodically repeated to cover substantially the entire n-primary image, means for 
receiving an input representing three-component color image data, e.g., RGB or YCC 
data, including a plurality of three-component pixels and having a first resolution, a 

15 scaling unit, which scales the three-component color image data to produce scaled 
three-component color image data having a second resolution different firom the first 
resolution, a converter which converts the scaled three-component color image data into 
corresponding n-primary color pixel data representing the n-primary color image, and 
means for generating an n-primary input signal corresponding to the n-primary color 

20 pixel data. 

In some embodiments of this aspect of the invention, the system fiirther includes 
a collection unit, which collects the n-prunary color pixel data of all n-primary pfacels of 
each super-pixel, and a distribution unit, which distributes the collected data 
representing each super-pixel strcctijre ^'nto a ph^ralit;^ of sub-pixel data segments, each 
25 segment representing one sub-pixel of each the super-pixel, wherein the means for 
generating the n-primary input signal generates a gray-level value for each of the 
sub-pixels. 

In accordance with embodiments of still another aspect of the invention, there is 
provided a system for displaying an n-primary image, wherein n is greater than or equal 
30 to six, including an n-primary display device having an array of color sub-pixel elements 
including color sub-pixel elements of each of at least six different primary colors, 
including at least a first set of primary colors and a second set of primary colors. 
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arranged in a periodically repeating arrangement including at least one color sub-pixel 
element of each of the at least six different primary colors, an image collector which 
receives an image input representing image data including a plurality of pixels, each 
pixel including one sub-pixel of each of the first set of primary colors, means for 
5 separating the color image data into a first image component^ including a first group of 
the pixels^ and a second image component, including a second group of the pixels, 
wherein each pixel in the first group is substantially adjacent to a respective pixel in the 
second group, means for converting the pixels in the second group into corresponding, 
converted pixels, each pixel including one sub-pixel of each of the second set of primary 

10 colors, and means for generating an n-primajy input signal representing data 
corresponding to each of the converted color pixels in the second group and the 
respective, substantially adjacent, pixel in the first group. 

hi some embodiments of tins aspect of the invention, the system further includes 
a pixel combiner which combines each of the converted color pixels in the second group 

15 with the respective, substantially adjacent, pixel of the first group, to produce a 
corresponding n-primary pixel including one sub-pixel of each of the at least six primary 
colors, wherein the means for generating the n-prhnary input signal generates a signal 
representing data corresponding to each the n-primary pixel. 

La embodiments of the present invention, the wavelength ranges of the at least 

20 four primary colors or, in some embodiments, the at least five or six primary colors, are 
selected to provide an optimal over-all brightness of the displayed images. Additionally 
or altematively, the wavelength ranges of the at least four primary colors are selected to 
provide an optimal color gamut width of the displayed images. 

In accordance with embodiments of yet another aspect of the invention, there is 

25 provided a color display device for displaying an n-primary image, wherein n is greater 
than three, having an array of color sub-pixel elements including sub-pixel elements of 
each of at least four different primary colors arranged in an array of periodically 
repetitive super-pixel structures covering substantially the entire n-priniary image, each 
super-pixel sti^ucture including a predeteimined, fixed, number of n-primary pixels, each 

30 n-primary pixel including one color sub-pixel element of each of the at least four 
different primary colors, wherein the sub-pixel elements in each super-pixel stmcture 
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are arranged in a rectangular sub-anray having an average aspect ratio sufficiently close 
to one. 

Brief Description Of The Drawings 

The invention will be understood and appreciated more fully from the following 
5 detailed description of embodiments of the invention, taken in conjunction with the 
accompanying drawings in which: 

Fig. 1 A is a schematic illustration of a chromaticity diagram representing a prior 
art RGB color gamut, superimposed witli a chromaticity diagram of tiie color gamut of a 
human vision system, as is known in the art; 
10 Fig. IB is a schematic illustration of a chromaticity diagram representing a wide 

color gamut in accordance with an exemplary embodiment of the invention, 
superimposed with the chromaticity diagram of Fig. 1 A; 

Fig. 2 A is a schematic block diagram illustrating a prior art 3 -primary LCD 
system; 

15 Fig. 2B is a schematic block diagram illustrating an n-primary LCD system in 

accordance with an embodiment of the invention; 

Fig. 3 is a schematic graph illustrating typical spectra of a prior art Cold Cathode 
Fluorescent Light (CCFL) source; 

Fig. 4A is a schematic graph illustrating typical RGB filter spectra of a prior art 
20 laptop computer display; 

Fig. 4B is a schematic illustration of a chromaticity diagram representing the 
color gamut reproduced by the prior art RGB jBlter spectra of Fig. 4A, superimposed 
with an ideal prior art NTSC color gamut; 

Fig. 5 A is a schematic graph illustrating transmission curves of one, exemplrjry, 
25 filter design for a five-primary display device in accordance with an embodiment of the 
invention; 

Fig. 5B is schematic illustration of a chromaticity diagram representing the color 
gamut of the filter design of Fig. 5A, superimposed with two exemplary prior art color 
gamut representations; 

30 Fig. 6 A is a schematic graph illustrating transmission curves of another, 

exemplary, filter design for a five-primary display device in accordance with an 
embodiment of the invention; 
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Fig. 6B is schematic illustration of a chromaticity diagram representing the color 
gamut of the filter design of Fig. 6A5 superimposed with two exemplary prior art color 
gamut representations; 

Fig. 7A is a schematic graph illustrating transmission cm*ves of a filter design for 
5 a six-primary display device in accordance with an embodiment of the invention; 

Fig. 7B is schematic illustration of a chromaticity diagram representmg the color 
gamut of the filter design of Fig. 7A, superimposed with two exemplary prior art color 
gamut representations; 

Fig. 8 is a schematic illustration, of an exemplary arrangement of sub-pixels in a 
1 0 four-primary display device according to embodiments of the invention; 

Fig. 9 is a schematic illustration of an exemplary arrangement of sub-pixels, 
including a super-pixel structure, in a five-primary display device according to 
embodiments of the invention; 

Fig. 10 is a schematic illustration of an exemplary aa-angement of sub-pixels^ 
15 including a super-pixel structure, in a six-primary display device according to 
embodiments of the invention; 

Fig, 11 is a schematic block diagram illustrating data flow in parts of an 
n-primary color display system in accordance with an embodiment of the invention; 

Fig. 12A is a schematic illustration depicting one exemplary pixel arrangement 
20 for a six-primary color display device in accordance with embodiments of the invention; 

Fig. 12B is a schematic illustration depicting another exemplary pixel 
arrangement for a six-primary color display device in accordance with embodiments of 
the invention; 

Fig. 13A is a schematic illustration of an exemplary color gamut of a six-primary 
25 display in accordance with embodiments of the invention; 

Fig. 13B is schematic block diagram illustrating a data flow scheme for a 
six-primary color display system in accordance with an exemplary embodiment of the 
invention; 

Fig. 14 is a schematic illustration of a sequential n-primary color LCD device in 
30 accordance with an exemplary embodiment of the invention; and 

Fig. 15 is a schematic illustration of a chromaticity diagram of a human vision 
color gamut divided into a plurality of color sub-gamut regions. 
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Detailed Description Of Embodiments Of The Invention 

In the following description, various aspects of the invention are described, with 
reference to specific embodiments that provide a thorough understanding of the 
invention; however, it will be apparent to one skilled in the art that the present invention 
5 is not limited to the specific embodiments and examples described herein. Further, to 
the extent that certain details of the devices, systems and methods described herein are 
related to known aspects of color display devices, systems and methods, such details 
may have been omitted or simplified for clarity. 

Fig. IB schematically illustrates a color gamut of a more-than-three-primary 

10 display in accordance with an embodiment of the invention, enclosed by a horseshoe 
diagram representing the perceivable color gamut of the human eye, on a chromaticity 
plane. The six-sided shape in Fig. IB represents the color gamut of a six-primary display 
in accordance with an exemplary embodiment of the invention. This color gamut is 
significantly wider than a typical RGB color gamut, which is represented by the dotted 

15 triangular shape in Fig. IB. Embodiments of monitors and display devices with more 
than three primaries, in accordance with exemplary embodiments of the invention, are 
described in U.S. Patent Application No. 09/710,895, entitled "Device, System And 
Method For Electronic Tme Color Display", filed November 14, 2000, in Intemational 
Application PCT/ILO 1/00527, filed June 7, 2001, entitled "Device, System and Metliod 

20 For Electronic Tme Color Display" and published December 13, 2001 as PCT 
Publication WO 01/95544, in U.S. Patent Application No. 10/017,546, filed December 
18, 2001, entitled "Spectrally Matched Digital Print Proofer", and in Intemational 
AppUcation PCT/IL02/00410, filed May 23, 2002, entitled "System and method of data 
conversion for wide gamut displays", the disclosures of all of which applications and 

25 publications are incorporated herein by reference. 

While, in embodiments of the present invention, methods and systems disclosed 
in the above referenced patent applications may be used, for example, methods of 
converting source data to primary data, or methods of creating primary color materials or 
filters; in alternate embodiments, the system and method of die present ixivention may be 

30 used with any other suitable n-primary display techiiology, wherein n is greater than 
three. Certain embodiments described in these applications are based on rear or firont 
projection devices, CRT devices, or other types of display devices. While the following 
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description focuses mainly on n-primaries flat panel display devices in accordance with 
exemplary embodiments of the invention, wherein n is greater than three, preferably 
using LCDs, it should be appreciated that, in alternate embodiments, the systems, 
methods and devices of the present invention may also be used in conjunction with other 
5 types of display and other types of liglit sources and modulation techniques. For 
example, it will be appreciated by persons skilled in the art that the principles of the 
n-primary color display device of the invention may be readily implemented, with 
appropriate changes, in CRT displays. Plasma display. Light Emitting Diode (LED) 
displays. Organic LED (OLED) displays and Field Emissions Display (FED) devices, or 

1 0 any hybrid combinations of such display devices, as are known in the art. 

Fig. 2B schematically illustrates a more-than-three primary color display system 
in accordance with an embodiment of the invention. The system includes a light source 
212, an array of liquid crj^stal (LC) elements (cells) 214, for example, an LC array using 
Thin Film Transistor (TFT) active-matrix technology, as is knovm in the art. The device 

15 further includes electronic circuits 220 for driving the LC aiTay cells, e.g., by 
active-matrix addressing, as is known in the art, and an n-primary-color filter array 216, 
wherein n is greater than three, juxtaposed the LC array. In embodiments of the LCD 
devices according to embodiments of the invention, each full-color pixel of the 
displayed image is reproduced by more than three sub-pixels, each sub-pixel 

20 corresponding to a different primary color, e.g., each pixel is reproduced by driving a 
corresponding set of four or more sub-pixels. For each sub-pixel there is a corresponding 
cell in LC array 214. Back-illumination source 212 provides the light needed to produce 
the color images. The transmittance of each of the sub-pixels is controlled by the voltage 
applied to a corresponding LC cell of array 214, based on &c image data ijiput for the 

25 corresponding pixel. An n-primaries controller 218 receives the input data, e.g., in RGB 
or YCC format, optionally scales the data to a desired size and resolution, and adjusts 
the magnitude of the signal delivered to the different drivers based on the input data for 
each pixel. The intensity of white light provided by back-illumination source 212 is 
spatially modulated by elements of the LC array, selectively controlling the illumination 

30 of each sub-pixel according to the image data for the sub-pixel. The selectively 
attenuated light of each sub-pixel passes through a corresponding color filter of color 
filter array 216, thereby producing desired color sub-pixel combinations. The himian 
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vision system spatially integrates the light filtered tlirough the different color sub-pixels 
to perceive a color image. 

The color gamut and other attributes of LCD devices in accordance with 
embodiments of the invention may be controlled by a number of parameters. These 
5 parameters include: the spectra of the back illuniination element (light source)^ for 
example a Cold Cathode Fluorescent Light (CCFL); the spectral transmission of the LC 
cells m the LC array; and the spectral transmission of the color filters. In a 3 -primaries 
display, the first two parameters, namely, the spectra of the light source and the spectral 
transmission of the LC cell, are typically dictated by system constraints and, therefore, 

10 the colors for the filters may be selected straightforwardly to provide the required 
colorimetric values at the "corners" of the desired RGB triangle, as shown in Fig. 1 A. To 
maximize the efficiency of 3-prnnaries LCD devices, the spectral transmissions of the 
filters are designed to substantially overlap, to the extent possible, witli the wavelength 
peaks of the light source. The filters selection in 3-primary LCD devices may be based 

1 5 primarily on maximizing the overall brightness efficiency. In this context, it should be 
noted that selecting filters having narrower spectral transmission curves, which result in 
more saturated primary colors, generally decreases the over-all brightness level of the 
display. 

For a multi-primary display with more than three primary colors, in accordance with 
20 embodiments of the invention, an infinite number of filter combinations can be selected 
to substantially overlap a required color gamut. The filter selection method of the 
invention may include optimizing the filter selection according to the following 
requirements: establishing sufficient coverage of a desired two-dimensional color gamut, 
for example, the NTSC standard gamut for wide-gamut applications and a 
25 "conventional" 3 -color LCD gamut for higher brightness applications; maximizmg the 
brightness level of a balanced white point that can be obtained from combining all the 
primary colors; and adjusting the relative intensities of the primary colors in accordance 
with a desired illumination standard, e.g., the D65 white point chromaticity standard of 
High Definition TV (HDTV) systems. 
30 Embodiments of the present invention provide systems and methods of 

displaying color images on a display device, for example, a thin profile display device, 
such as a liquid crystal display (LCD) device, using more than three primary colors. A 
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number of embodiments of the invention are described herein in the context of an LCD 
device with more than three primary colors; wherein the number of color filters used per 
pixel is gi'eater tliaii three. This an"angement has several advantages in comparison to 
conventional RGB display devices. First, the n-primary display device in accordance 
5 with the invention enables expansion of the color gamut covered by the display. Second, 
tlie device in accordance with tlie invention enables a significant increase in the 
luminous efficiency of the display; in some cases, an increase of about 50 percent or 
higher may be achieved, as discussed below. This feature of the invention is particularly 
advantageous for portable (e.g., battery-operated) display devices, because increased 

10 luminous efficiency extends the battery life and overall weight of such devices. Third, a 
device in accordance with the invention enables improved graphics resolution by 
efficient utilization of a sub-pixel rendering technique of the present invention, as 
described in detail below with reference to specific embodiments of the invention. 

In some multi-primary display devices in accordance with embodiments of the 

15 invention, more than three sub-pixels of different colors are used to create each pixel. In 
embodiments of the invention, the use of four to six (or more) different color sub-pixels, 
per pixel, allows for a wider color gamut and higher luminous efficiency. In some 
embodiments, the nimiber of sub-pixels per pixel and the transmittance spectrum of the 
different sub-pixel filters may be optimized to obtain a desired combination of a 

20 sufficiently wide color gamut, sufficiently high brightness, and sufficiently high 
contrast. 

For example, the use of more than three primaries in accordance witii an 
embodiment of the invention may enable expansion of the reproducible color gamut by 
enabling the use of filters ^mth narrower transmission curves (e.g., narrower effective 

25 transmission ranges) for the R, G and B color filters and, thus, increasing the saturation 
of the R, G and B sub-pixels. To compensate for such narrower ranges, in some 
embodiments of the invention, broader band sub-pixel filters may be used ua addition to 
the RGB satm-ated colors, thus increasing the overall brightness of the display. In 
accordance with embodiments of the invention, an optimal combination of color gamut 

30 width and oyer-all pictm^e brightness can be achieved, to meet the requirements of a 
given system, by appropriately designing the sub-pixel filters of the n-primary display 
and the filter arrangement. 
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Figs. 5A aiid 6A schematically illustrate transmission curves for two, respective, 
alternative designs of a five-primary display device in accordance with embodiments of 
the invention, wherein the five primary colors used ai^e red (R), green (G), blue (B), cyan 
(C) and yellow (Y), denoted collectively RGBCY. Figs. 5B and 6B schematically 
5 illustrate the resulting color gamut of the filter designs of Figs. 5A and 6A, respectively. 
It will be appreciated that both designs produce wider gamut coverage and/or higher 
brightness levels tlaan corresponding conventional three-color LCD devices, as discussed 
in details below. As known in the art, the normalized over-all brightness level of a 
conventional 3 -color LCD may be calculated as follows: 
10 Y(3-colors) = (Y(colori) + Y(color2) + YCcolors)) / 3 

Analogously, the normalized brightness level of a 5-color LCD device in 
accordance with an embodiment of the present invention may be calculated as follows: 

Y(5-colors) - (Y(colori) + Y(color2) + YCcolors) + Y(color4) + Y(color5) )/5 
wherein Y(colori) denotes the brightness level of the i'th primary color and Y(n-colors) 
15 denotes the over-all, normalized, brightness level of the n-primaries display. 

Although the color gamut illustrated in Fig. 5B is comparable with that of a 
corresponding 3 -color LCD device (Fig. 4B), the brightness level that can be obtained 
using the filter design of Fig. 5A is about 50% higher than that of the corresponding 
3-color LCD. The higher brightness levels achieved in this embodiment are attributed to 
20 the addition of yellow (Y) and cyan (C) color sub-pixels, which are specifically designed 
to have broad transmission regions and, thus, transmit more of the back-illiimination 
than the RGB filters. This new filter selection criterion is conceptually different from the 
conventional selection criteria of primary color filters, which are typically designed to 
have narrow transmission ranges. The white point chromaticity coordinates for this 
25 embodiment, as calculated fi-om the transmission spectra and the back-illumination 
spectra using methods known in the known art, are x=0.3 18; y=0.352. 

As shoAvn in Fig. 6B, the color gamut for the filter design of Fig. 6 A is 
considerably wider than that of the corresponding conventional 3-color LCD (Fig. 4B), 
even wider than a corresponding NTSC gamut, which is the ideal reference gamut for 
30 color CRT devices, with brightness levels roughly equal to those of a conventional 
3-color LCD. In this embodiment, the over-all brightness level of the 5-color LCD 
device is similar to that of a 3-color LCD device having a much narrower color gamut. 



18 



wo 02/101644 



PCT/IL02/00452 



The white point coordinates for this embodiment, as calculated from the transmission 
spectra and the back-illumination spectra using metliods known in the known art, are 
x=0,310; y=0.343. Otlier designs may be used in embodiments of the invention, 
including the use of different primaries and/or additional primaries (e.g., 6 color 
5 displays), to produce higher or lower brightness levels, a wider or narrower color gamut, 
or any desired combination of brightness level and color gamut, as may be suitable for 
specific applications. 

Fig. 7A schematically illustrates filter transmission curves of a six-primary 
display according to embodiments of the present invention, wherein the six primary 

10 colors are red, green, blue, cyan, magenta (M) and yellow, denoted collectively 
RGBCMY. Fig. 7B schematically illustrates the resulting color gamut of the filter design 
of Fig. 7A. The filter design of Figs. 7A and 7B is generally similar to that of Fig. 5A 
and 5B, except for the addition of a magenta (M) filter sub-pixel to each pixel. The wliite 
point coordinates for this exemplary six-primaries display are x=0.319 and y=0.321 and 

1 5 the brightness gam is equal to one. 

Fig. 15 schematically illustrates a chromaticity diagram of the color gamut 
discemable by humans, divided into six sub-gamut regions, namely red (R), green (G), 
blue (B), yellow (Y), magenta (M) and cyan (C) color sub-gamut regions, that may be 
used for selecting effective color filters spectra in accordance with embodiments of the 

20 invention. In some embodiments, more than three primary color filters, for example, five 
color filters as in the embodiments of Figs. 5A and 6A, or six color filters as in the 
embodiment of Fig. 7A, may be selected to produce chromaticity values within 
respective sub-gamut regions in Fig. 15. The exact chromaticity position selected for a 
given primary color within a respective sub-gamut region may be determhied in 

25 accordance with specific system requirements, for example, the desired Avidth of the 
color gamut in the chromaticity plane and the desired image brightness. As discussed in 
detail above, the sj^stem requirements depend on the specific device application, e.g., 
certain applications give preference to gamut size, while other applications give 
preference to image brightness. The sub-gamut regions in Fig. 15 represent 

30 approximated boimdaries from which primary colors may be selected to provide large 
gamut coverage and/or high brightness levels, while maintaining a desked white point 
balance, in accordance with embodiments of the invention. The positions of the primary 
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chromaticity values within the sub-gamut regions of Fig. 15, for given filter spectra 
selections and laiown back-illumination spectra, can be calculated using straightforward 
mathematical calculations, as are Icnown in the art, to determine whether a desired color 
gamut is obtamed for the given filter spectra selections. 
5 In an embodiment of the invention, a sub-pixel rendering technique as described 

in detail below may be used, in conjunction with the exemplary 6-primary design 
described above, to significantly increase the resolution of the display, Li alternate 
embodunents of the invention, different primaries and primary spectra designs may be 
used to produce desired results, in accordance with specific display applications. 

10 In some embodiments of tlie device, system and method of the invention, more 

than three primaries can be displayed using a format compatible Avith a conventional 
3 -sub-pixel display format. As Icnown in the art, each pixel of conventional RGB -based 
LCD devices is composed of three sub-pixels, namely red, green and blue. Typically, 
each sub-pixel has an aspect ratio of approximately 1:3, whereby the resultant pixel 

15 aspect ratio is approximately 1:1. The aspect ratio of an image is defined as the ratio of 
the number of pixels in a row to the number of pixels in a column. The image aspect 
ratio of a typical full-screen LCD display is approximately 4:3. The display resolution is 
determined by the total number of pixels, assuming the pixels are generally square and 
arranged in a 4:3 aspect ratio configuration. When displaying a video or graphic image 

20 of a given resolution in a window (e.g., a display pixel arrangement) of another 
resolution, a scaling function may be required. The scaling function may include 
interpolation or decimation of the original image pixel data to produce the correct 
number and arrangement of pixels suitable for a given screen size at the desired display 
resolution. For most applications, an overall pixel aspect ratio of approximately l: i is 

25 required. For general video and TV applications, reproducing an exact aspect ratio is not 
critical. In other applications, particularly in applications that require geometrical 
accuracy, for example, in displaying images for graphic software applications, such as 
Adobe PhotoShop®, software rendering methods may additionally be used to 
compensate for pixel size "distortions". 

30 There are many possible ways of arranging the sub-pixels of a 

more-than-three-primaries device in accordance with embodiments of the invention, as 
described below, such that a pixel aspect ratio of approximately 1:1 would be 
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maintained. The over-all resolution and the aspect ratio of an LCD device are generally 
determined at the hardware level, e.g., by the number of LC cells in the LC ai'ray of the 
device. Although it is possible to change the geometiic design of an existing LCD 
device, for example, to design a new sub-pixel layout with a sub-pixel aspect ratio other 
5 than 1:3, such design change may be expensive and thus madesirable. Therefore, in some 
embodiments of invention, a conventional sub-pixel aspect ratio of 1:3 may be 
maintained by arranging the sub-pixels in efficient configurations as described below. 
Such configurations may have an aspect ratio as close as possible to 1:1, and the 
configurations may include periodic patterns of more-than-three sub-pixel filters that can 

10 be illuminated by corresponding cells of the LC arrays used ia standard RGB displays, 
obviating the need to design a new type of display, e.g., a new TFT active matrix design. 
The option of integrating the features of the present invention into existing display 
designs is a significant advantage of embodiments of the invention, because re-designing 
of basic display components, particularly designing a new type of TFT active matrix, 

1 5 may be extremely complicated and costly. 

The periodic sub-pixel pattems mentioned above, hereinafter referred to as 
"super-pixel" structures, may contain several color sub-pixels, for example, at least one 
sub-pixel for each of the more-than-tiiree primaries. As discussed above, to avoid 
redesigning of basic display components, the super-pixel structures may be designed to 

20 fit existing RGB sub-pixel array formats. Assimiing a rectangular super-pixel structure, 
in accordance with some embodiments of the invention, each super-pixel may include m 
X k sub-pixels, whereby the number of n-primary pixels (n>3) in the super-pixel structure 
is equal to (m x k)/n. Because the number of n-primary pixels in the "super-pixel" 
stmcture ifj also equal to Kl x Nw, wherein Nl and Nw are tiie length and width of the 

25 super-pixels, measured in n-primary pixel units, the following equation holds: 

Nl X Nw = {y}2 X k)/n 
The length of the super-pixel structure is Ni x L , which is equal to m/5, and the 
width of the super-pixel is Nw x which is equal to wherein L and W are the average 
length and average width, respectively, of an n-primary pixel, measured in three-cell 

30 pixel units. Therefore, the average aspect ratio of the n-primary pixels is given by: 

L/W^ i72/(3kj X Nw /Nl = m^/(3n) Nl^ 
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To determine the smallest super-pixel structure that meets the above 
requirements^ the nrnnber of n-primary pixels lengthwise or widthwise in each 
super-pixel is set to a value of one, for example, Ni= 1, whereby tlie aspect ratio of the 
multi-primary pixel is given by irP/3n. Therefore, the smallest super-pixel structure 
5 would be obtamed for a value of m whereby divided by 3n is as close as possible to 
one. 

For example, a straightforward configuration for a 4-primaries display, such as a 
RGBY (RGB + Yellow) display system in accordance with the invention, may include 
arranging the sub-pixels side by side in a structure that maintains an overall image aspect 

10 ratio of 4:3, as shown schematically in Fig. 8. This configuration 5delds a value of m=4. 
In this configuration, for example, using an LC array designed for an XGA display witla 
a 3-primary pixel resolution of 1024 x 768, yields an effective resolution of 768 x 768 in 
the 4-primary multi-pixel configuration described above. Similarly, a SXGA panel with 
a 3-primary pixel resolution of 1280 x 1024 can be adapted in accordance with this 

15 embodiment of the invention to reproduce 4-primaxy color images at a resolution of 960 
x 1024 pixels. It should be appreciated that the 4-primary pixel shape in accordance with 
this embodiment is rectangular and not square and, therefore, the image aspect ratio 
remains mchanged when data scaling is applied. In the embodiment of Fig. 8, the aspect 
ratio of the 4-primary pixels is 4:3. Therefore, for example, an XGA screen according to 

20 this embodiment of the invention may have an equal number of n-primary pixels 
lengthwise and widthwise and, thus, the image aspect ratio for such XGA screen remains 
4:3. However, the horizontal (row) resolution of such a screen would be lower in 
comparison to a corresponding 3-primary XGA screen. In an embodiment of the 
invention, to maintain correct image geonieti}^ of tliis 4-primary display, the horizontal 

25 resolution of the original input data, e.g., 1024 for XGA screen, is reduced 
proportionally, e.g., to 768 for XGA screen. It will be appreciated by persons skilled in 
the art that other display formats may require different adjustments. For example, 
SXGA screens, at a resolution of 1280:1024, have a 5:4 aspect ratio, rather tlian 4:3, in 
3-primaries format. 

30 Fig. 9 schematically illustrates another example of a super-pixel configuration in 

a 5 -primaries display system in accordance with an embodiment of the invention. In this 
5-primaries configuration, wherein, for example, the primaries are RGB, cyan (C) and 
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yellow (Y), a value of m=4 yields a 5-primary pixel aspect ratio of 16:15. In the 
super-pixel configuration of Fig. 9, for each pixel, the 5 sub-pixels may be divided, for 
example, across two consecutive rows, and the super-pixel structure includes four sets of 
5-primary pixels. The aspect ratio for each super-pixel is 15:4 and, thus, the effective 
5 aspect ratio of a single 5-primary pixel is 16:15. In this configuration, for example, an 
LC array designed for an XGA display with a 3 -primary pixel resolution of 1024 x 768, 
yields an effective 5-primary pixel resolution of 768 x 614. Similarly, a SXGA panel 
with a 3-primary pixel resolution of 1280 x 1024 can be adapted, in accordance with this 
embodiment of the invention, to reproduce 5-primary color pixel resolution of 960 x 
10 819. 

It should be noted that, in the above examples, the effective (color-weighted) 
centers of the multi-primary pixels may shift horizontally and/or vertically. This should 
be talcen into accomit when input data is interpolated to match the structure of the pixel. 
The periodic structure of the super-pixel configuration described above allows a 

1 5 relatively simple interpolation process, as follows. The data for each super-pixel may be 
first calculated as a position on a rectangular grid of super-pixels; then the data is 
distributed internally within each super-pixel. Since the internal structure of the 
super-pixel is fixed, e.g., all super-pixels have the same sub-pixel structure, the internal 
distribution stage is also fixed, e.g., intemal distribution is performed in the same 

20 manner regardless of the position of each super-pixel on the display. Thus, the 
interpolation process can be performed on a simple rectangular grid, and the complex 
distribution associated with the intemal super-pixel structxire is reduced to a fixed, 
repetitive, operation. Other suitable interpolation methods may also be used in 
conjunction with the invention. ~ ' 

25 A system that performs an interpolation process as described above is illustrated 

schematically in Fig. 11. The input data at the original resolution (e.g., in YCC or RGB 
format) is received by an image scaling unit 1102, which scales the image resolution, 
defined by the number of pixels in the image, to the resolution of the display. The 
scaling may be similar to the scaling performed on a personal computer (PC) with 

30 varying display resolution, as is known in the art. The data may be up-scaled to a much 
higher resolution and then re-sampled to the display resolution, as explained, for 
example, in Keith Jack, "Video Demystified", 3^^ Edition, LLH Technology Publishing, 
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200 L Optionally, following the up scaling, re-sampling may be performed in two stages, 
to simplify computation, as follows. In a first stage, data is allocated for each of the 
super-pixels. In a second stage, re-sampling is performed at the super-pixel level, based 
on the known structure of the super-pixels. After the data is re-sampled to an n-primary 
5 pixel grid, which may be defined, for example, by the color-weighted centers of each of 
the n-primaiy pixels, a set of n-primary coefficients may be computed for each of the 
n-primary pixels by an n-primary converter 1104. The n-primary data for all, e.g., m, 
n-primary pixels maldng-up each of the super-pixels is combined by a super-pixel 
collector 1 106, and the collected data is received by a distributor 1 108, which distributes 

1 0 the m*n coefficients of the m n-primary pixels to the sub-pixels according to the defined 
internal arrangement. 

In a 6-primaries display system according to an embodiment of the invention, 
one possible configuration may include a super-pixel arrangement essentially analogous 
to the 5 -primaries super-pixel arrangement described above with reference to Figs. 9, 

15 with appropriate changes, e.g., adding a magenta sub-pixel element to each pixel of the 
super-pixel structure. A system for producing 6-primary images in accordance with this 
embodiment, and the flow of data in such a system, may be substantially as described 
above with reference to Fig. 11. As illustrated schematically in Fig. 10, a super-pixel 
structure with n=6 and m=4 has a lengtti 4/3 that of a 3 -primary pixel, and a width of 3 

20 pixels. The total number of sub-pixels in this super-pixel structure is thus 4/3x3x3 = 
12, whereby two 6-primary pixels are accommodated by each super-pixel, as illustrated 
schematically by the shadowed area in Fig. 10. The average length of this 6-primary 
pixel is 4/3 and its width is 3/2 and thus the super-pixel aspect ratio in this embodiment 
is 8:9, which is relatively close to the desired 1:1 ratio. 

25 Other configurations may also be used in accordance with embodiments of the 

invention; for example, the six sub-pixels may be arranged in two rows of three 
sub-pixels each. In this two-row arrangement, the resolution of a standard XGA display 
adapted to operate in a six-primaries mode according to the invention is reduced 1024 x 
384 pixels, and the resolution of a standard SXGA display operating in the 6-primaries 

30 mode is reduced to 1280 x 512. Such a configuration of pixels may be usefial for TV 
and video appUcations as described below. 
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The above exaixiples demonstrate that an mcrease in the number of different 
color filters^ e.g., 4-6 different colors instead of 3, without appropriate modification of 
the LC array, may reduce the apparent resolution of the display. However, for TV and 
video applications this reduction in apparent resolution may not be crucial. Standard 
5 definition NTSC TV systems have a resolution of 480 lines (effectively 525 lines with 
blanlcing lines) at an interlaced field rate of 60 Hz (fi-ame rate of 30 Hz). When digitized, 
the resolution of NTSC systems varies within the range of 960 x 480 to 352 x 480. PAL 
systems have a resolution of 576 TV lines at an interlaced field rate of 50 Hz (fi-ame rate 
of 25 Hz). In digital form, tihe resolution of PAL systems varies within the range of 1024 

10 X 576 to 480 x 576, depending on the aspect ratio (e.g., 4:3 or 16:9) and on the shape 
(e.g., rectangular or square) of the pixels. Therefore, in accordance with embodiments 
of the invention, existing SXGA displays can be converted into four-, five- or 
six-primaries display systems, as described above, that display standard definition TV 
images without any degradation in image resolution, because the reduced resolution of 

15 such converted devices is still higher than the resolution of standard TV image data. It 
should be noted that in all the cases described above, where the resolution is reduced 
horizontally, and in the case of five- and six-primaries where the resolution is reduced 
vertically, the resolution of converted display systems in accordance with embodiments 
of the invention are compatible with (or exceed) the resolution of NTSC systems (480 

20 lines) and are at least very close to the resolution of PAL systems (576 lines). In certain 
cases where an XGA display is converted to operate as a 4-6 primary display, some 
resolution may be lost; however, a sophisticated arrangement of the sub-pixels within 
each pixel, as described below, can be used to compensate for the slightly decreased 
resolution. Thus, it will be apparent to a person skilled in the art that many existing types 

25 of 3-color LCD devices can be converted into more-than-three-prhnary displays, 
according to embodiments of the invention, capable of displaying TV standard images 
with no effective reduction in resolution. Other resolutions, number of primaries and 
pixel arrangements may be used in accordance with embodiments of the invention. 

In various applications, especially in mixed video and computer graphics 

30 applications, any loss of resolution should preferably be avoided. For pixels with six 
sub-pixels arranged in two rows, as described above, special arrangement of the different 
sub-pixel colors can be implemented to improve the display resolution. An example of 
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such ail arrangement is shown in Fig. 12 A. In this arrangement, the sub-pixels in each 
pixel are arranged in two rows, each row including three sub-pixels. Row A contains the 
"saturated" RGB pixels, and row B contains the "bright" CMY pixels. The CMY pixels 
combination can also produce less saturated RGB colors, for example, colors that are 
5 included in the triangular color gamut defined by the chromaticity values of C, M and Y. 
Analyzing this structure column-wise, each vertical sub-pixel pair can individually 
reproduce white (e.g., neutral) chromaticity, as follows: R+C; G+M; or B+Y. This is 
achieved by arranging the sub-pixels such that each primary color sub-pixel is positioned 
vertically adjacent a complementary primary color sub-pixel. Thus, using this method, 
10 the horizontal Black/White resolution for graphics applications can be increased by a 
factor of three. 

Fig. 12B depicts anotiier exemplary arrangement of display pixels in accordance 
with embodiments of the invention. While in the arrangement of Fig. 12 A, row A 
contains only RGB sub-pixels, and row B contains only CMY sub-pixels, in the 

15 alternative arrangement of Fig. 12B both RGB and CMY pixels are included in each 
row. More specifically, as shown in Fig. 12 B, row A contains the RGB sub-pixels of a 
first pixel followed by the CMY sub-pixels of a second pixel, and row B contains the 
CMY sub-pixels of the first pixel followed by the RGB pixels of the second pixel. It 
shoxild be appreciated that various other pixel arrangements may also be suitable for 

20 designing super-pixel structures in accordance with embodiments of the invention; for 
example, in some embodiments, the order of primary colors within each triad of 
primaries may be different from the orders shown in the accompan3dng drawings. 

The 6-primary arrangement described above allows for at least three modes of 
operation of a 6-primary display in accordance with the invention. Fig. 13A 

25 schematically illustrates the color gamut of such a 6-primary display on a chromaticity 
plane. The full color gamut is represented by the dotted line conaecting the six 
primaries. The gamut of the RGB primaries alone is represented by the dashed triangle, 
and the gamut of the CMY primaries spans the solid triangle. The shadowed hexagonal 
area in Fig. 13A represents the conjunctive gamut of both the CMY and RGB primary 

30 sets. A first mode of operation of this display is a high resolution, "limited gamut" 
mode, which is suitable, inter alia, for graphics applications. In this mode, the resolution 
can be the same as that of a corresponding 3 -primary display (e.g. 1280 x 1024 pixels for 
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SXGA displays; 1024 x 768 for XGA displays; etc.) The color combinations for this 
type of aa-aiigement can be produced by both the RGB and CMY triads (sub-structures), 
whereby the color gamut of the display is defined by the conjunction of the CMY color 
gamut and the RGB color gamut, e.g., tlie shadowed hexagon in Fig. 13 A. In tins mode 
5 of operation, colors are handled at the three-sub-pixels level, e.g., data suitable for 
driving a 3 -primary color display is delivered to each pixel, regardless of the set of 
primaries allocated to the pixel, e.g., RGB or a CMY. The difference between the RGB 
and the CMY pixels is in the matrix that converts the input data into the coefficients 
used to drive the sub-pixels. More elaborate data flows are also possible, and will be 

1 0 presented below. 

A second mode of operation of a 6-primary display in. accordance with 
embodiments of the invention is a medium resolution, super-wide gamut mode, 
designed, e.g., for video and other display applications requiring rich colors and 
improved color picture quality. In this mode, the resolution may gradually decrease from 

15 normal, suitable for "non-saturated color objects", that will be displayed at the full 
system resolution (e.g., 1280 x 1024 pixels for SXGA displays) to that of extremely 
colored "very saturated color objects" where resolution will decrease by a factor of two 
(1280 X 512 pixels). In this mode, color is handled at the six-primary pixel level and, 
therefore, the display resolution may be reduced. However, if the colors to be presented 

20 are not saturated, e.g., if the colors being displayed are included in the shadowed 
hexagon in Fig. 13 A, such colors may be properly reproduced by either a RGB pixels or 
the CMY pixels and, therefore, the origiaal resolution may be restored. For saturated 
colors outside the shadowed are in Fig. 13 A, the resolution is reduced by a factor of two 
(1280 X 512 pixels); however, full resolution is not typicallj^ required for highly 

25 saturated colors because the human visual system is more sensitive to spatial variations 
in brightness than to spatial variations in color. 

A third mode of operation of a 6-primary display in accordance with an 
embodiment of the invention is a super-high resolution mode, which may be used for 
black-and-white graphics, for example, using a SXGA display, yielding an effective 

30 resolution of 3840 x 1024 pixels, instead of the original 1280 x 1024 resolution. The 
arrangement and handling of the pixels for this mode of operation may be as in the high 
resolution, "limited gamut" mode described above. Additional modes of operation are 
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also possible in accordance with embodiments of the invention; such additional modes 
may be designed in accordance with specific displaj^ requirements. 

Fig. 13B schematically illustrates possible data flow schemes for a 6-primary 
display system in accordance with exemplary embodiments of the invention, using 
5 RGB-CMY primary color sets as described above. In this example, tlie resolution of the 
input data is assumed to be at the original resolution of the display; otherwise, 
appropriate scaling may be required as described above. A pixel collector 1302 collects 
image data corresponding to a pair of three-primary pixels, namely, a RGB pixel and a 
CMY pixel, which together form a single 6-primary pixeL The original unage data may 

10 be provided in any suitable format known in the art, for example, RGB or YCC format. 
Using matrix multiplication units 1304 and 1306 and, subsequently, an n-primary 
combiner 1308, the collected data of the two three-color pixels is converted into 
gray-scale values for the different sub-pixels. If the color values of both pixels fall 
within the shadowed hexagonal area in Fig. 13 A, e.g., if all the sub-pixels have positive 

15 gray scale values, then the gray levels used to drive the respective LC sub-pixels are 
unchanged. 

Referring to Fig. 13 A, when the input data falls outside the CMY triangle but 
within the RGB triangle, the data may be handled in a number of different manners, 
depending on the specific appUcation. In one embodiment, the data is represented only 

20 by the RGB sub-pixel component, and the CMY component is set to zero illumination. 
In another embodiment, the input data is represented by the RGB component, and the 
CMY component represents the color combination nearest the desired color. For the 
pm*pose of this embodiment of the invention, the "nearest" color combination may be 
deftned in terms of brightness, chromaticity, or simply by setting any negative sub- pi^el 

25 values to zero. In a further embodiment, the CMY component represents the color 
combination nearest as possible to the desired color, and any difference between the 
desired color and the CMY representation is corrected by the RGB component. The 
three different embodiments discussed above differ mainly in the method of presenting 
saturated colors. In the first embodiment, saturated colors are reproduced accurately, 

30 firom colorimetric point of view, but at a relatively low brightness level. In the second 
embodiment, the brightness level is maximized, but saturation is decreased. In the third 
embodiment, the saturation and brightness level fall within the range in between the 
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maximuin and minimum levels of the first and second embodiments. It should be 
appreciated that, by transposing the references to CMY and RGB, respectively, in tlie 
above analysis, the same analysis applies to a situation in which the input data falls 
outside the RGB triangle but within the CMY triangle in Fig. 13 A. 
5 Referring to Fig. 13 A, it should be noted that any color combination within the 

6-color gamut (the peripheral dotted hexagon) that falls outside the "star of David" 
shape fonned by the conjoined triangular areas of tlie RGB gamut and CMY gamut, can 
be reproduced accurately only by the full six-primary pixel representation. In an 
embodiment of the invention, an algorithm using two-dimensional look-up-tables 

10 ("LUTs"), as described in Applicants' pending Intemational Application 
PCT/IL02/00410, filed May 23, 2002, entitled "System and method of data conversion 
for wide gamut displays", the disclosure of which is incorporated herein by reference, 
may be applied to derive the correct sub-pixel values for all six primaries in real time. In 
this embodiment of the invention, the average color of the RGB and tlie CMY 

15 combinations may be calculated, and the resulting color may be transformed, e.g., using 
a six-primary converter, to produce the sub-pixel coefiScients of the corresponding 
n-primary pixel. 

The systems and methods described above are suitable for display devices in 
which colors are perceived by spatial integration of the sub-pixels by the human vision 

20 system. However, color integration by the human vision system can also be performed 
temporally and, therefore, embodiments of the present invention also provide sequential 
display devices, systems and methods, for example, sequential color LCD devices, using 
more than three primary colors. This concept is described in detail, in the context of 
sequential n-priinary color -image projection devices, in Applicants' International 

25 Application PCT/ILO 1/00527, entitled "Device, System and Method For Electronic True 
Color Display", filed June 7, 2001, and published December 13, 2001 as WO 01/95544, 
the entire disclosure of which is incorporated herein by reference. In sequential 
projection color displays devices, four or more different color fields are projected 
sequentially, each for a short time period, and the process is repeated periodically at a 

30 sufiBciently high firequency, whereby the human vision system temporally integrates the 
different color fields into a fiill color image. 
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An advantage of LCD devices based on sequential color representation, in 
accordance with embodiments of the present invention, is that such devices can display 
more-than-tliree-primary color images at a resolution comparable to the resolution at 
which the same devices can display tliree-primary-color, e.g., RGB^ images. Sequential 
5 LCD display devices do not require a color sub-pixel filter matrix in registry wdth the LC 
array. Instead, each LC element controls the intensity of all the primary colors for a 
given pixel, each primary color beuag controlled during designated time slots, whereby 
the LC array is utilized to its full resolution. Color combinations are created by 
sequentially back-illuminatmg the LC array with different primary colors, in analogy to 

10 sequential projection devices. However, in contrast to projection devices, which 
typically require significant physical space to contain the projection optics, namely, the 
optical setup that projects a miniature spatial light modulator onto a screen, ftie 
sequential LCD device of the present invention does not require projection optics and 
may, thus, be implemented in flat configurations. 

15 The architecture of a flat n-primaries display according to an embodiment of the 

present invention includes an LC array (panel) having a desired size and resolution. Such 
LCD panels are used, for example, in portable computers as are known in the art. 
However, in the sequential LCD devices of the present invention, the LC panel may be 
used without an adjacent array of color sub-pixel filters, whereby the LC array may 

20 operate as a monochromatic gray level device. The. cells of the LC array are selectively 
attenuated to produce a. series of more-than-fhree primary gray-level patterns, each 
pattern corresponding to one of more-than-three primary color components of the 
displayed image. Each gray-level pattem is back-illxxminated with light of the 
corresponding primary color. S-v^.itching among the different back-illuminations colors is 

25 synchronized with the sequence of gray-level pattems produced by the LC array, 
whereby each gray level pattern in the sequence is illuminated with light of the correct 
primary color. The light for the desired back-illiimination may be produced by filtering 
white light (or other color light) through pre-selected color filters, each filter 
corresponding to one of the more-thaa-three primary colors. The back-illumination color 

30 sequence is repeated at a sufficiently high frequency, synchronized with tiae periodic 
sequence of pattems produced by the LC array, whereby the viewer perceives a full 
color image by temporal integration of the as described above. 
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Parts of a sequential LCD device in accordance with an embodiment of the 
invention are schematically illustrated in Fig, 14. It should be appreciated that tlae 
sequential color LCD devices described herein illustrate only an exemplary embodiment 
of the invention. In alternate embodiments of the invention, other systems and methods 
5 may be used to create the different colors of back-illmnination light. Additionally or 
alternatively, in some embodiments of tlae invention, instead of using an LC array as 
described above, other methods known in the art may be used to sequentially produce 
the gi-ay level patterns corresponding to the different primary color components. 

In one embodiment of the invention, illustrated schematically in Fig. 14, the 

10 different illumination colors are produced sequentially, using a single light source, or a 
set of light sources, for example, a white light source 1410, by sequentially filtering the 
white light tlirough a series of different color filters 1413. The color filters may be 
placed on a rotating filter wheel 1412. To obtain the desired back-illumination, the 
colored light passing through one of color filters 1413 on filter wheel 1412 may be 

15 focused, e.g., using a lens 1414, into a light guide 1416. The light guide funnels the 
filtered light to a back-illimiination arrangement 1422 juxtaposed an LC array 1420, as 
known in the art, illuminating the LC array substantially uniformly. In some variations 
of this embodiment, the back-illumination arrangement and light guide are similar to 
those used in back-illuminated portable computers, e.g., laptop computers, or in 

20 light-table devices. In some such devices, light fi-om fluorescent light bulbs is reflected 
by an arrangement of reflectors/diffusers to obtain substantially unifomi illumination. 
Alternatively, as shown schematically in Fig. 14, the light fimnel 1416 may include 
multiple light exits 1418 that may be used in conjunction with reflectors/difiusers in 
back-illumination arrangement 1422 to obtain uniforiii illumination. In alternate 

25 embodiments other structures may be used to provide back-illumination of different 
primar}^ colors. 

In alternate embodiments of the invention, tiie back-illumination is generated by 
an array of Light Emitting Diodes (LEDs), each LED capable of selectively producing 
light at one of more than three different wavelength ranges. The different color LED 
30 emissions are activated sequentially, and the color sequence is sjmchronized with the 
sequence of gray-level patterns produced by the LC array. In a three-primary, e.g., RGB, 
device using LED back-illumination, in order to obtain a sufficiently wide color gamut. 
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the red, green and blue LED emissions are typically designed to have naiTOW respective 
spectra. In particular, the peak of the emission distribution of such devices is typically in 
the range of 630-680 nm for the red emission, 500-540 nm for the green emission, and 
400-480 nm for the blue emission. Unfortunately, existing three-color devices do not 
5 utilize the brightness-efficient wavelength range of 540-570 nm, perceived as 
orange-yellow light, at which wavelength range the human eye is most sensitive. 
Therefore, adding a fourth LED emission in the range of 540-570 nm, in accordance 
with embodiments of the invention, can significantly improve the brightness efficiency. 
Assuming that the quantmn efficiency of all diodes is substantially the same, a yellow 

10 LED would produce more visual brightness per Ampere. To take advantage of this 
efficiency, by activating the four LED emission ranges described above, in some 
embodiments of the invention, at least four primary colors, namely, red, green, blue and 
yellow-orange, are used. 

In an alternative embodiment of the invention, instead of using a fourth emission 

15 range, an array of standard RGB LEDs may be activated in accordance with an 
activation sequence that produces a higher intensity of the desired back-illumination 
sequence. Instead of the standard activation sequence of R-G-B-R-G-B, some 
embodiments of tlie invention use a hybrid periodic activation sequence, for example, 
R-G-B-RG-BG-RB, to produce the desired back-illumination sequence. Other activation 

20 sequences of the RGB LED emissions are also possible, for example, sequences 
including the same emission components (e.g., R, G, B, RG, BG and RB) arranged in 
different orders, sequences in which some of the "mixed" components (e.g., RG, BG, or 
RB) are omitted, sequences including additional components (e.g., a full RGB emission 
component), or any other suitable combinations of "pure" and/or "mixed" LED 

25 emissions capable of produce the desired back-illumination sequence. It should be 
appreciated that the over-all brightness level produced by the exemplary activation 
sequence of R-G-B-RG-BG-RB, determined by the sum 3R+3G+3B, is about 50 percent 
higher than the average brightness produced by a corresponding standard R-G-B-R-G-B 
sequence, determined by the sum 2R+2Gf2B. 

30 The sequential LCD device in accordance with embodiments of the invention is 

activated at a sufficiently high frequency to enable a viewer to temporally integrate the 
sequence of n-primary images into a full color image. Additionally, to produce a video 
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image, the sequential LCD device in accordance with embodiments of the invention is 
activated at a sufficiently liigh rate to enable reproduction of the required number of 
frames per second. A sequential color LCD device that operates at a sufficiently fast 
rate, using back-illumination of three primary colors, namely, red, green a blue light, is 
5 described in Ken-ichi Takatori, Hiroshi Imai, Hideki Asada and Masao Imai, 
''Field-Sequential Smectic LCD with TFT Pixel Amplifier", Functional Devices 
Research Labs, NEC Corp., Kawasaki, Kanagawa 216-8555, Japan, SID 01 Digest, 
incorporated herein by reference. In an embodiment of the present mvention, a version 
of this three-color device is adapted to produce n-primary color images, wherein n is 

10 greater than three. In such n-primary-adapted sequential illumination device^ light 
generated by a (preferably) white light source is filtered through n, sequentially 
interposed, color filters, to produce the desired sequence of n-primary color 
back-illumination. A filter switching mechanism, for example, a rotating filter wheel 
including more than three different color filters, such as the filter wheel described above 

15 with reference to Fig. 14, may be used to sequentially interpose the different color filters 
in light path of the back-ill\miination. An arrangement similar to that used in existing 
laptop computers may be used to funnel and diffuse the filtered light illuminating the LC 
array. In some embodiments, tlie light source and filter switching mechanism (or, 
alternatively, the array of LEDs described above) are housed in an external device, and a 

20 light guide is used to funnel colored light into the back-illumination arrangement of the 
LCD device, as described above with reference to the embodiment of Fig. 14. 

It will be appreciated by persons skilled in the art that the present invention is not 
limited by what has been particularly shown and described hereinabove and with 
reference to the accompanying drawings. Rather, the invention is limited only by the 

25 following claims. 
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CLAIMS 

1. A color Liquid Crystal Display (LCD) device for displaying a color 
image using at least four different primary colors, the device comprising: 
an array of Liquid Crystal (LC) elements; 

driving circuitry adapted to receive an input corresponding to said color 
image and to selectively activate the LC elements of said LC array to produce an 
attenuation pattem corresponding to a gray-level representation of said color 
image; and 

an array of color sub-pixel filter elements juxtaposed and in registry with 
said array of LC elements such that each color sub-pixel filter element is in 
registry with one of said LC elements, 

wherein said array of color sub-pixel filter elements comprises at least 
four types of color sub-pixel filter elements, which transmit light of said at least 
four primary colors, respectively. 

2. A device according to claim 1 whereia said at least four primary colors 
comprise red, green, blue, and yellow. 

3. A device according to claim 1 wherein said at least four primary colors 
comprise at least five primary colors and wherein said at least four types of color 
sub-pixel filter elements comprise at least five types of color sub-pixel filter 
elements, which transmit light of said at least five primary colors, respectively. 

4. A device according to claim 3 wherein said at least five primary colors 
comprise red, green, blue, yellow, and cyan. 

5. A device according to claim 3 wherein said at least five primary colors 
comprise at least six primary colors and wherein said at least five types of color 
sub-pixel filter elements comprise at least six types of color sub-pixel filter 
elements, which transmit light of said at least six primary colors, respectively. 
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6. A device according to claim 5 wherein said at least six primary colors 
comprise red, green, blue, yellow, cyan, and magenta. 

5 7. A color Liquid Crystal Display (LCD) device for displaying a temporally- 

integrated color image comprising a sequence of at least four primary color 
images, the device comprising: 

an array of Liquid Crystal (LC) elements; 

driving circuitry adapted to receive an input corresponding to each of said 
10 at least four primary color images and to selectively activate the LC elements of 

said LC array to produce an attenuation pattern corresponding to a gray-level 
representation of each of said at least four primary color images, respectively; 
and 

an illumination system adapted to sequentially back-illuminate said LC 
15 array with light of at least four different primary colors to sequentially produce 

said at least four, respective, primary color images, 

wherein said driving circuitry and said illumination system are 
synchronized such that each said attenuation pattern is illuminated with light of 
the primary color corresponding to the respective primary color image. 

20 

8. A device according to claim 7 wherein said at least four primary color 
images comprise red, green, blue, and yellow images. 

9. A device according to claim 7 wherein said at least four primaiy~color 
25 images comprise red, green, blue, yellow, and cyan images. 

10. A device according to claim 7 wherein said at least four primary color 
images comprise red, green, blue, yellow, cyan, and magenta images. 

30 11. A device according to any of claims 7-10 wherein said illumination 

system comprises: 
a light source having an output path; 
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10 



a filter switching mechaoism which sequentially interposes at least four 
dififerent primary color filters in the output path of said light source to produce 
said light of at least four different primary colors, respectively; and 

an optical arrangement which guides said light of at least four different 
primary colors from said filter switching mechanism to said LC array thereby to 
back-illviminate said LC array. 

12. A device according to claim 11 wherein said light source comprises a 
substantially white light source. 



13. A device according to any of claims 7-10 wherein said illumination 

system comprises: 

an an^ay of Light Emitting Diodes (LEDs); 

illumination control circuitry adapted to selectively activate said plurality 
15 of LEDs to produce a sequence of at least four illmnination patterns 

corresponding to said light of at least four different primary colors, respectively; 
and 

an optical arrangement which causes the at least four illumination 
patterns produced by said array of LEDs to back-illuminate said LC array with a 
20 generally spatially homogeneous light of said at least four, respective, primary 

colors. 

14. A device according to claim 13 wherein said array of LEDs comprises at 
-least three different color LEDs. 

25 

15. A device according to claim 14 wherein said at least three different color 
LEDs comprise red, green, and blue LEDs. 

1 6. A device according to claim 14 or claim 15 wherein at least one of said at 
30 least four different illumination pattems corresponds to a primary color other 

than the colors of said at least three different color LEDs. 
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17. A device according to claim 15 or 16 wherein at least one of said at least 
four illumination patterns is produced by simultaneously activating at least two 
of said at least three different color LEDs. 

5 18. A color display device for displa3dng an n-primary image^ wherein n is 

greater than three, comprising an array of color sub-pixel elements including 
sub-pixel elements of each of at least four different primary colors arranged in an 
array of periodically repetitive super-pixel structures covering substantially tlie 
entire n-primaiy image, each super-pixel structm^e comprising a predetermined, 
10 fixed, number of n-primary pixels, each n-primary pixel comprising one color 

sub-pixel element of each of said at least fom' different primary colors, wherein 
no fixed combination of n-primary pixels covering only part of said super-pixel 
stmcture can be periodically repeated to cover substantially the entire n-primary 
image. 

15 

19. A color display device according to claim 18 comprising an n-primary 
color Liquid Crystal Display (LCD) device, wherein said array of color sub-pixel 
elements comprises an array of color sub-pixel filter elements, and wherein each 
n-primary pixel of each super-pixel comprises one color sub-pixel filter element 

20 transmitting light of each of said at least foxu: different primary colors. 

20. A device according to claim 18 or claim 19 wherein said at least four 
different primary colors comprise red, green, blue and yellow. 

25 21. A device according to any of claims 18-20 wherein said at least four 

different primary colors comprise at least five different primary colors. 

22. A device according to claim 21 wherein said at least five different 
primary colors comprise red, green, blue, yellow and cyan. 

30 

23. A device according to claim 21 or claim 22 wherem said super pixel 
structure comprises a substantially rectangular arrangement including five 
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sequences of four sub-pixel elements, each sequence including a different 
combination of sub-pixel elements of four of said five primary colors. 

24. A device according to claim 21 or claim 22 wherein said at least five 
5 different primary colors comprise at least six different primary colors. 

25. A device according to claim 24 wherein said at least six different primary 
colors comprise red, green, blue, yellow, cyan and magenta. 

10 26. A device according to claim 24 or claim 25 wherein said super pixel 

structure comprises a substantially rectangular arrangement including three 
sequences of foiH" sub-pixel elements, each sequence including a different 
combination of sub-pixel elements of four of said six primary colors. 

15 27, A method of displaying an n-primary color image, wherein n is greater 

than three, on an n-primary color display comprising an array of color sub-pixel 
elements including sub-pixel elements of each of at least four different primary 
colors arranged in an array of periodically repetitive super-pixel structures 
covering substantially the entire n-primary image, each super-pixel structure 

20 comprising a predetermined, fixed, number of n-primary pixels, each n-primary 

pixel comprising one color sub-pixel element of each of said at least four 
different primary colors, wherein no fixed combination of n-primary pixels 
covering only part of said super-pixel structure can be periodically repeated to 
cover substantially the eniire n-priniai> image, iiiu method comprising: 

25 receiving an input representing three-component color image data 

including a plurality of three-component pixels and having a first resolution; 

scaling said three-component color image data to produce scaled 
three-component color image data having a second resolution different fi-om said 
first resolution; 

30 converting said scaled three-component color image data into 

corresponding n-primary color pixel data representing said n-primary color 
image; and 
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generating an n-primary input signal corresponding to said n-primaxy 
color pixel data. 

28. A method according to claim 27 fiirther comprising, before generating 
5 said n-primary input signal: 

collecting the n-primary color pixel data of all n-primary pixels of each 
super-pixel; and 

distributing die collected data representing each super-pixel structure into 
a plurality of sub-pixel data segments, each data segment representing one 
10 sub-pixel of each said super-pixel, 

wherein generating said n-primary input signal comprises generating a 
gray-level value for each of said sub-pixels. 

29. A method according to claim 27 or claim 28 wherein said n-primary color 
15 display comprises an n-primary color Liquid Crystal Display (LCD) device, 

wherem said array of color sub-pixel elements comprises an array of color 
sub-pixel filter elements, and wherein each n-primary pixel of each super-pixel 
comprises one color sub-pixel filter element transmitting light of each of said at 
least four different primary colors. 

20 

30. A method according to any of claims 27-29 wherein said at least four 
different primary colors comprise red, green, blue and yellow. 

31. A method according to any of claims 27-30 wherein said at least ibur 
25 different primary colors comprise at least five different primary colors. 

32. A method according to claim 31 wherein said at least five different 
primary colors comprise red, green, blue, yellow and cyan, 

30 33. A method according to claim 31 or claim 32 wherein said super-pixel 

structure comprises a substantially rectangular arrangement including five 
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sequences of four sub-pixel elements^ each sequence including a different 
combination of sub-pixel elements of four of said five primary colors. 

34. A method according to claim 31 wherein said at least five different 
5 primary colors comprise at least six different primary colors. 

35. A method according to claim 34 wherein said at least six different 
primary colors comprise red, green, blue, yellow, cyan and magenta. 

10 36. A method according to claim 34 or claim 35 wherein said super-pixel 

structure comprises a substantially rectangular arrangement including three 
sequences of four sub-pixel elements, each sequence includhig a different 
combination of sub-pixel elements of four of said six primary colors. 

15 37. A method of displaying an n-primary image, wherein n is greater than or 

equal to six, on an n-primary display comprising an array of color sub-pixel 
elements including color sub-pixel elements of each of at least six different 
primary colors, including at least a jSrst set of primaiy colors and a second set of 
primary colors, arranged in a periodically repeatiag arrangement comprising at 

20 least one color sub-pixel element of each of said at least six different primary 

colors, the method comprising: 

receiving an image input representing image data including a plurality of 
pixels, each pixel including one sub-pixel of each of said first set of primary 
colors; 

25 separating said image data into a first image component, including a first 

group of said pixels, and a second image component, including a second group of 
said pixels, wherein each pixel in said first group is substantially adjacent to a 
respective pixel in said second group; 

converting the pixels in said second group into corresponding, converted 

30 pixels, each pixel including one sub-pixel of each of said second set of primary 

colors; and 
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generating an n-primary input signal representing data corresponding to 
each of said converted color pixels in said second group and the respective, 
substantially adjacent, pixel in said first group. 

5 38. A method according to claim 37 wherein said at least six different 

primary colors comprise red, green, blue, yellow, cyan and magenta, wherein 
said first set of primary colors comprises red, green and blue, and wherein said 
second set of primary colors comprises yellow, cyan and magenta. 

10 39. A method according to claim 37 or claim 38 comprising, before 

generating said n-primary input signal^ combining each of said converted pixels 
in said second group with the respective, substantially adjacent, pixel of said first 
group, to produce a corresponding n-primary pixel including one sub-pixel of 
each of said at least six primary colors, wherein generating said n-primary input 

15 signal comprises generating a signal representing data corresponding to each said 

n-primary pixel. 

40. A method according to claim 37 or claim 38 wherein said image input 
comprises a color image input representing three-component color image data, 
20 wherein said at least first and second sets of primary colors comprise first and 

second sets of three primary colors, and wherein each color pixel of said 
n-primary image is reproduced by either the first or second set of three primary 
colors. 

25 4L A method according to claim 37 or claim 38 wherein said image input 

comprises a black-and-white image input representing black-and-white image 
data including a plurality of black-and-white pixels. 

42. A method according to claim 41 wherein said at least first and second sets 
30 of primary colors include first and second sets of three, complementary, primary 

colors, and wherein each black-and-white pixel of said n-primary unage is 
produced by either the first or second set of primary colors. 
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43. A method according to claim 41 wherein said at least &st and second sets 
of primary colors include fibrst, second and third pairs of complementary primary 
colors, and wherein each black-and-white pixel of said n-primary image is 

5 produced by one of the first, second and third pairs of primary colors. 

44. A color display device for displaying an n-primary image, wherein n is 
greater than or equal to six, comprising an array of color sub-pixel elements 
including color sub-pixel elements of each of at least six different primaiy colors, 

1 0 including at least a first set of primary colors and a second set of primary colors, 

arranged in a periodically repeating arrangement comprising at least one color 
sub-pixel element of each of said at least six different primary colors, wherein 
each sub-pixel in the periodically repeating arrangement is adjacent at least one 
sub-pixel of a complementary primary color. 

15 

45. A device according to claim 44 whereia said at least six different primary 
colors comprise red, green, blue, yellow, cyan and magenta, wherein said first set 
of primary colors comprises red, green and blue, wherein said second set of 
primary colors comprises yellow, cyan and magenta, wherein each red sub-pixel 

20 element is adjacent at least one cyan sub-pixel element, wherein each green 

sub-pixel element is adjacent at least one magenta sub-pixel element, aad 
wherein each blue sub-pixel element is adjacent at least one yellow sub-pixel 
element. 

25 46. A device according to claim 44 or claim 45 wherein said periodically 

repeating arrangement comprises a first sequence of sub-pixel elements of each 
of said first set of primary colors and a second sequence of sub-pixel elements of 
each of said second set of primary colors, wherein each sub-pixel element in the 
frrst sequence is adjacent a sub-pixel element of a complementary primary color 

30 in the second sequence. 
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47. A device according to claim 46 wherein said periodically repeating 
arrangement comprises first and second, adjacent, rows of sub-pixel elements, 
the jBrst row including one sub-pixel element of each of said first set of primary 
colors and the second row including one sub-pixel element of each of said 

5 second set of primary colors, and wherein each sub-pixel element in the first row 

is adjacent a sub-pixel element of a complementary primary color in the second 
row. 

48. A device according to any of claims 44-47 wherein each row of said array 
10 of sub-pixel elements includes only sub-pixels of said first set of primary colors. 

49. A device according to any of claims 44-47 wherein each row of said array 
of sub-pixel elements includes sub-pixels of both said first and second sets of 
primary colors. 

15 

50. A system for displa3dng an n-primary color image, wherein n is greater 
thaa three, comprising: 

an n-primary color display device comprising an array of color sub-pixel 
elements including sub-pixel elements of each of at least four different primary 
20 colors arranged in an array of periodically repetitive super-pixel structures 

covering substantially the entire n-primary image, each super-pixel stmcture 
comprising a predetermined, fixed, number of n-primary pixels, each n-primary 
pixel comprising one color sub-pixel element of each of said at least four 
different primary colors, wherein no fixed combination of n primary pi:cels 
25 covering only part of said super-pixel structure can be periodically repeated to 

cover substantially the entire n-primary image; 

means for receiving an input representing three-component color image 
data including a plurahty of three-component pixels and having a first resolution; 
a scaling unit, which scales said three-component color image data to 
30 produce scaled three-component color image data having a second resolution 

different from said first resolution; 
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a converter which converts said scaled three-component color image data 
into corresponding n-primary color pixel data representing said n-primary color 
image; and 

means for generating an n-primary input signal corresponding to said 
5 n-primary color pixel data. 

51. A system according to claim 50 further comprising: 

a collection unit which collects the n-primary color pixel data of all 
n-primary pixels of each super-pixel; and 
10 a distribution unit, which distributes the collected data representing each 

super-pixel structure into a plurality of sub-pixel data segments, each segment 
representing one sub-pixel of each said super-pixel, 

wherein said means for generating said n-primary input signal generates a 
gray-level value for each of said sub-pixels. 

15 

52. A system according to claim 50 or claim 51 wherein said n-primary 
display device comprises an n-primary Liquid Crystal Display (LCD) device, 
wherein said array of color sub-pixel elements comprises an array of color 
sub-pixel filter elements, and wherein each n-primary pixel of each super-pixel 

20 comprises one color sub-pixel filter element transmitting light of each of said at 

least foxxr different primary colors. 

53. A system according to any of claims 50-52 wherein said at least four 
different primary colors comprise red, green, blue and yellow. 

25 

54. A system according to any of claims 50-53 wherein said at least four 
different primary colors comprise at least five different primary colors. 

55. A system according to claim 54 wherein said at least five different 
30 primary colors comprise red, green, blue, yellow and cyan. 
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56. A system according to claim 54 or claim 55 wherein said super-pixel 
structure comprises a substantially rectangular arrangement including five 
sequences of four sub-pixel elements, each sequence including a different 
combination of sub-pixel elements of four of said five primary colors. 

57. A system according to claim 54 wherein said at least five different 
primary colors comprise at least six different primary colors. 

58. A system according to claim 57 wherein said at least six different primary 
colors comprise red, green, blue, yellow, cyaa and magenta. 

59. A system according to claim 57 or claim 58 wherein said super-pixel 
structure comprises a substantially rectangular arrangement including three 
sequences of four sub-pixel elements, each sequence including a different 
combination of sub-pixel elements of four of said six primary colors. 

60. A system for displaying an n-primary image, wherein n is greater than or 
equal to six, comprising: 

an n-primary display device comprising an array of color sub-pixel 
elements including color sub-pixel elements of each of at least six different 
primary colors, including at least a first set of primary colors and a second set of 
primary colors, arranged in a periodically repeating arrangement comprising at 
least one color sub-pixel element of each of said at least six different primary 
colcT-'* 

an image collector which receives an image input representing image data 
including a plurality of pixels, each pixel including one sub-pixel of each of said 
fixst set of prhnary colors; 

means for separating said color image data into a first image component, 
including a first group of said pixels, and a second image component, including a 
second group of said pixels, wherein each pixel in said first group is substantially 
adjacent to a respective pixel in said second group; 
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means for converting the pixels in said second group into corresponding, 
converted pixels, each pixel including one sub-pixel of each of said second set of 
primary colors; and 

means for generating an n-primary input signal representing data 
5 corresponding to each of said converted color pixels in said second group and tlie 

respective, substantially adjacent, pixel in said first group, 

61. A system according to claim 60 wherein said at least six different primary 
colors comprise red, green, blue, yellow, cyan and magenta, wherein said first set 

10 of primary colors comprises red, green and blue, and wherein said second set of 

primary colors comprises yellow, cyan and magenta. 

62. A system according to claim 60 or claim 61 further comprising a pixel 
combiner which combines each of said converted color pixels in said second 

15 group with the respective, substantially adjacent, pixel of said first group, to 

produce a corresponding n-primary pixel including one sub-pixel of each of said 
at least six primary colors, wherein said means for generating said n-primary 
input signal generates a signal representing data corresponding to each said 
n-primary pixel. 

20 

63. A system according to claim 60 or claim 61 wherein said image input 
comprises a color image input representing three-component primary color 
image data, wherein said at least first and second sets of primary colors comprise 
first and second sets of three primary colors, and v/herein each color pixel of said 

25 n-primary image is reproduced by either the first or second set of three primary 

colors. 

64. A system according to claim 60 or claim 61 wherein said image input 
comprises a black-and-white image input representing black-and-white image 

3 0 data including a plurality of black-and-white pixels. 
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65. A system according to claim 64 wherein said at least first and second sets 
of primary colors include first and second sets of tliree, complementary, primary 
colors, and wherein each black-and-white pixel of said n-primary image is 
produced by either the first or second set of primary colors. 

66. A system accordmg to claim 64 wherein said at least first and second sets 
of primary colors include first, second and third pairs of complementary primary 
colors, and wherein each black-and-white pixel of said n-primary image is 
produced by one of the first, second and third pairs of primary colors. 



67. A system according to anj^ of claims 60-66 wherein said n-primary 
display device comprises an n-primary Liquid Crystal Display (LCD) device, and 
wherein said array of color sub-pixel elements comprises an array of color 
sub-pixel filter elements including filter elements transmitting light of each of 

15 said at least six different primary colors. 

68. A method according to any of claims 37-43 wherein said n-primary 
display device comprises an n-primary Liquid Crystal Display (LCD) device, and 
wherein said array of color sub-pixel elements comprises an array of color 

20 sub-pixel filter elements including filter elements transmitting light of each of 

said at least six different primary colors. 

69. A device according to any of claims 44-49 wherein said n-primary 
displa}^ device comprises an n-primary Liquid Crystal Pir.play (LCD) device^ and 

25 wherein said array of color sub-pixel elements comprises an array of color 

sub-pixel filter elements including filter elements transmitting light of each of 
said at least six different primary colors. 

70. A device according to any of claims 1-26 wherein the wavelength ranges 
30 of said at least four primary colors are selected to provide an optimal over-all 

brightness of the displayed images. 
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71. A device according to any of claims 1-26 wherein the wavelength ranges 
of said at least four primary colors are selected to provide an optimal color gamut 
width of the displayed images. 

5 72. A method according to any of claims 27-36 wherein the wavelengfli 

ranges of said at least four primary colors are selected to provide an optimal 
over-all brightness of the displayed images. 

73. A method according to any of claims 27-36 wherein the wavelength 
10 ranges of said at least foior primary colors are selected to provide an optimal 

color gamut width of the displayed images. 

74. A method according to any of claims 37-43 wherein the wavelength 
ranges of said at least six primary colors are selected to provide an optimal 

15 over-all brightness of the displayed images. 

75. A method according to any of claims 37-43 wherein the wavelength 
ranges of said at least six primary colors are selected to provide an optimal color 
gamut width of the displayed images. 

20 

76. A device according to any of claims 44-49 wherein the wavelength 
ranges of said at least six primary colors are selected to provide an optimal 
over-all brightness of the displayed images. 

25 77. A device according to any of claims 44-49 wherein tlie wavelength 

ranges of said at least six primary colors are selected to provide an optimal color 
gamut width of the displayed images. 

78. A system according to any of claims 50-59 wherein the wavelength 
30 ranges of said at least foiir primary colors are selected to provide an optimal 

over-all brightness of the displayed images. 
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79. A system according to any of claims 50-59 wherein the wavelength 
ranges of said at least four primaiy colors are selected to provide an optimal 
color gamut width of the displayed images. 

80. A system according to any of claims 60-66 wherein the wavelengtli 
ranges of said at least six primary colors are selected to provide an optimal 
over-all brightness of the displayed images. 

81. A system according to any of claims 60-66 wherein the wavelength 
ranges of said at least six primary colors are selected to provide an optimal color 
gamut width of the displayed images. 

82. A color display device for displaying an n-primary image, wherein n is 
greater than three, comprising an array of color sub-pixel elements uicluding 
sub-pixel elements of each of at least four different primary colors arranged in an 
array of periodically repetitive super-pixel structures covering substantially the 
entire n-primary image, each super-pixel structure comprising a predetermined, 
fixed, nxmiber of n-primary pixels, each n-primary pixel comprising one color 
sub-pixel element of each of said at least four different primary colors, wherein 
the sub-pixel elements in each super-pixel structure are arranged in a rectangular 
sub-array having an average aspect ratio sufficiently close to one. 
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